Fossil fuel-based carbon is widely used in iron and steelmaking in a number of forms, and the replacement of these materials with renewable carbon derived from biomass is seen as offering the greatest potential to reduce the greenhouse gas footprint of steel production. Life cycle assessment methodology has been used to estimate the greenhouse gas footprint of charcoal production from biomass, as well as the potential reductions in greenhouse gas emissions from the use of charcoal from biomass in the integrated, mini-mill/EAF and direct smelting steelmaking routes. The results indicated that the use of charcoal in the integrated steelmaking route in likely applications and substitution rates has the potential to reduce the greenhouse gas footprint of steel by 0.69-1.21 t CO2e/t steel (or 31-57%) without any charcoal production by-product (bio-oil and electricity) credits, and by 0.91-1.61 t CO2e/t steel (42-74%) with these by-product credits included. The corresponding reductions for the mini-mill/EAF and direct smelting routes were 0.028-0.056 t CO2e/t steel (5.5-11%) and 0.34-1.70 t CO2e/t steel (16-80%) without by-product credits, and 0.037-0.075 t CO2e/t steel (7.3-14.7%) and 0.45-2.25 t CO2e/t steel (21-106%) with by-product credits respectively. However, the magnitude of the by-product credits depends on the by-product yields in the charcoal retort, which in turn are dependent on a number of factors, in particular, the nature of the pyrolysis process (fast or slow) and the biomass feed composition.
Introduction
Growing international concerns over climate change have seen an increased focus on global greenhouse gas emissions. Primary metal production contributes about 5% to total world greenhouse gas emissions, and of this, iron and steel production accounts for about 70%.
1) It is therefore apparent that the major opportunity for reducing global greenhouse gas emissions from primary metal production is in the ironmaking and steelmaking process. In 2003, the World Steel Association launched the 'CO2 Breakthrough Programme', an initiative to provide a forum for the various national and regional research and development programmes on identifying breakthrough technologies for iron and steelmaking to exchange information. One of these programmes is the ULCOS (Ultra-Low CO2 Steelmaking) programme (www.ulcos.org) funded by the European Community and the European steel industry. Over 100 new technologies have been identified under the CO2 Breakthrough Programme 2) and the predicted reductions in greenhouse gas emissions (gate-to-gate) for some of these technologies compared to the baseline blast furnace are shown in Fig. 1 . 3) This figure indicates that sustainably-grown biomass offers the greatest potential to reduce the fossil fuel and greenhouse gas footprint of steel production. CSIRO is contributing to the CO2 Breakthrough Programme by undertaking research on the introduction of renewable carbon from biomass into steelmaking process routes.
The term biomass is a general descriptor of biologically produced material that readily burns or can be converted into char. Biomass materials include wood and wood wastes, agricultural crops and their waste products. Biomass and char have been used as fuels and as reductants in metallurgical processes since ancient times 4) and is currently widely used in steelmaking in Brazil.
5) The use of biomass wood char in ironmaking has been extensively reviewed by Gupta, 6) while Burgess 7) and Dell'Amico et al. 8) have also described applications of biomass wood char in ironmaking. Woodchar or biomass char is considered renewable because the carbon cycle via wood (biomass) is very short (5-10 years) compared to fossil coal (approximately 100 million © 2012 ISIJ years). However, the challenge is to be able to develop and manage the biomass source on a sustainable basis and to develop charcoal production technology that produces charcoal at a significantly lower cost 9) and with lower environmental impacts than current production methods.
The two main steelmaking routes are the integrated (blast furnace) process and the mini-mill (electric arc furnace) process, with about 70% of world's steel production of 1 410 million tonnes in 2010 being produced by the integrated route and about 29% by the mini-mill route. 10) However, blast furnaces, in general, suffer from a number of disadvantages (e.g. agglomerated or lump feed, coke not coal, coke ovens). A range of "direct smelting" processes using bath smelting technology have been developed in recent years to address these issues, one of these processes being the HIsmelt ironmaking process. 11) Ironmaking by direct smelting is then followed by the conventional basic oxygen furnace (BOF) steelmaking process. While the potential use of biomass charcoal in various stages of steel production have been investigated both conceptually 12) and experimentally, e.g. sintering, 8, 13) iron ore reduction, 14) very little has been published on the environmental aspects of charcoal use in steelmaking. An early study in this regard was carried out by SERDF 15) and more recently by the authors. 9, 16) The latter study has since been extended to include a more detailed evaluation of the potential greenhouse gas reductions associated with the various opportunities for charcoal use in steelmaking, and the impact of a new slow pyrolysis process being developed by CSIRO. The results of this latest study are presented in this paper and provide information that will assist in direction setting for future research in the use of biomass charcoal in ironmaking and steelmaking.
Charcoal Production
There are several commercial processes currently available to pyrolise biomass to charcoal. Historically, batch kilns have been used, but they are labour intensive and require a high degree of control to produce good quality, and high yields, of charcoal. Continuous retorts (e.g. Lambiotte and Lurgi) are used in Australia 17) and elsewhere to overcome quality and operational issues of kilns, and where large production capacity is required. Pyrolysis processes may be either conventional (also referred to as slow pyrolysis) or fast pyrolysis, although the terms "slow" and "fast" are somewhat arbitrary with no precise definition of the times or heating rates involved in each. 18) Biomass decomposes during pyrolysis to generate vapours, aerosols and charcoal. After cooling and condensation of the vapours and aerosols, a liquid consisting of two phases is formed along with non-condensable gases. One of the liquid phases is organic-based and is referred to as bio-oil, the other is aqueous-based and is called pyroligneous acid of which water is the main component.
5) The proportions of charcoal, bio-oil and gas produced depends on the pyrolysis process, while other determining factors are wood species, moisture content and size. In slow pyrolysis, biomass is heated to approximately 500°C. Vapours do not escape as rapidly as they do in fast pyrolysis and the slow heating rate enhances charcoal formation through secondary char making reactions. Typical yields [18] [19] [20] are charcoal 35%, liquid 25% and gas 40%, all on a dry weight basis, with the liquid containing approximately 8% bio-oil, i.e. 2% overall.
19) The latter bio-oil yield is based on experimental slow pyrolysis testwork that was focused on charcoal production and not optimised for biooil collection, and as such this bio-oil yield is likely to be conservative. Ongoing developmental testwork on the process is expected to provide more definitive bio-oil yields. The gas generated during charcoal production can be utilised to generate electricity 21, 22) and/or heat, 23) while the bio-oil can be used as a substitute for diesel fuel. 18) Thus charcoal production technologies range from batch processes with no by-product recovery at one end, up to continuous processes with by-product bio-oil, electricity and/or heat at the other. A good example of the latter process is the integrated wood processing (IWP) plant developed by Enecon 21, 22) based on fast pyrolysis, with approximately 10% of the electricity generated used internally and the remainder exported. Roberts et al. 20) reported an energy balance for slow pyrolysis of corn stover 1 that showed that despite the lower gas yield with slow pyrolysis and the use of some of the gas for pyrolysis process heat, there was still an excess of gas available that could be used for external purposes such as electricity generation. Existing plantations, forests and agricultural residues are all sources of biomass. New plantations can also be a source of biomass, and there is considerable interest in the potential for new tree crops such as Mallee eucalypts to be planted in agricultural regions across Australia to reduce the impact of dryland salinity. Wu et al. 24) examined Mallee biomass production, while Stucley 21) reported details of the full-scale plant built in Western Australia for integrated processing of Mallee eucalypts (wood, bark, twigs and leaves) to produce charcoal or activated carbon, electrical power and bio-oil referred to above. This latter scenario (charcoal production by fast pyrolysis with electricity and bio-oil co-products from Mallee eucalypts) was used as the basis for a life cycle assessment (LCA) of charcoal production previously reported by the authors, 9, 16) including energy and greenhouse gas credits for the gas/electricity and bio-oil by-products. However, CSIRO is currently developing a new slow pyrolysis process aimed at maximising the production of charcoal particularly suited for steelmaking applications, and the LCA of charcoal production described in this paper is based on this new slow pyrolysis process. A schematic diagram of charcoal production from biomass is shown in Fig. 2. 
By-product Greenhouse Gas Credits
First estimates of bio-oil and gas/electricity greenhouse gas credits for this new slow pyrolysis process were obtained by extrapolating the Enecon fast pyrolysis results 21, 22) using the respective by-product yields for the two processes. Although the composition of the by-product gas may change as well as the amount in going from fast to slow pyrolysis, which may also change the amount of electricity that can be generated from the gas, it was assumed for the purpose of this study that any change in gas composition does not significantly influence the amount of electricity produced. The amount of electricity produced was estimated to be 0.36 MWhe/t dry biomass, which compares with a value of 0.44 MWhe/t dry biomass calculated from the results of Roberts et al. 20) for corn stover assuming 35% electricity generation efficiency. The former value (0.36 MWhe/t dry biomass) corresponds to avoided greenhouse gas emissions of 357 kg CO2e/t dry biomass based on black coal derived electricity (with a greenhouse gas emission factor of 987 kg CO2e/MWh) being replaced. According to Mohan et al., 18) bio-oil from fast pyrolysis has a heating value that is about half that of conventional fuel oil. Assuming here as a first estimate that bio-oil from slow pyrolysis has similar properties to that from fast pyrolysis, this means that bio-oil can only replace about half of its mass of fuel oil (and diesel). Based on a bio-oil yield of 2% as above, the bio-oil greenhouse gas credit therefore amounts to 32 kg CO2e/t dry biomass 2 , giving a combined by-product greenhouse gas credit of 389 kg CO2e/t dry biomass or 1 111 kg CO2e/t charcoal.
Life Cycle Assessment of Charcoal Production
The various LCA inventory inputs derived from the data provided by Wu et al. 24) for the plantation establishment and management, harvesting and transportation of Mallee eucalypt biomass to the charcoal plant are given in Table 1 . Other assumptions 6, 7, 9, 13, 19) made in relation to the charcoal plant were:
• green biomass contains 45% moisture;
• retort biomass feed properties: 20% moisture (after natural drying), 44.4% carbon (dry basis); • charcoal yield in retort is 35% (dry basis); • charcoal properties: 4.5% moisture, 88.3% carbon (dry basis), ash 2.3%, sulphur 0.2%, calorific value 2 Greenhouse gas emission factor for diesel is 3 198 kg CO2e/t diesel, hence 0.02 t bio-oil/t dry biomass × 3 198/2 = 32 kg CO2e/t dry biomass. 
MJ/kg (dry basis).
An LCA model of charcoal production as shown in Fig.  1 was set up based on the above assumptions and incorporating the inventory data given in Table 1 . The main environmental impact category considered was greenhouse gas emissions on an aggregated gas basis (i.e. Global Warming Potential, GWP), with the IPCC (Intergovernmental Panel on Climate Change) characterisation model being used to calculate this impact category. It was assumed that any electricity consumed was generated from black coal, at a generation efficiency of 35%. The study used the international standards framework for conducting life cycle assessments contained in the ISO 14040 series with a functional unit of one tonne of charcoal . The methodology used in carrying out the LCAs in this study (charcoal and steel production later) was similar to that used previously by the authors [25] [26] [27] in carrying out cradle-to-gate LCAs of various metal production processes. While the main source of biomass considered in the study was Mallee eucalypts, forestry or logging residues were also assessed as an alternative source of biomass for charcoal production.
The results of the LCA of charcoal production are given in Table 2 broken down into both renewable (from biomass) and non-renewable (from fossil fuels) components. It is the non-renewable components that must be reduced if significant reductions in greenhouse gas emissions from fossil fuels are to be achieved. The renewable component of the gross GWP impact was equal to 1.56 t CO2e/t charcoal 3 . However, these emissions are offset by an equivalent renewable GWP credit due to the CO2 sequestered during the growth of the biomass. Thus the net renewable GWP component of the gross impact shown in Table 2 is equal to zero. From Table 2 , the non-renewable GWP impact for charcoal production is 105 kg CO2e/t charcoal, which reflects the fossil fuel used in its production (i.e. plantation management, harvesting and transport). SERDF 15) reported a similar nonrenewable GWP impact of 120 kg CO2e/t charcoal for charcoal production.
The contributions of the various stages to the greenhouse gas footprint of charcoal production are shown in Fig. 3 . The by-product credits referred to above (i.e. generation of electricity from the gas which is used to replace electricity generated from black coal, and bio-oil which is used to replace diesel) significantly reduce the non-renewable GWP impacts of charcoal production, resulting in the negative values shown in Table 2 , indicating an overall net credit. However, it should be appreciated that the magnitude of the by-product credits depends on the by-product yields in the charcoal retort, which in turn are dependent on a number of factors, in particular, the nature of the pyrolysis process (fast or slow) and the biomass feed composition. Slow pyrolysis tends to maximise the charcoal yield, with less gas and biooil by-products produced, thus by-product credits are less with slow pyrolysis.
It is of interest to compare the greenhouse gas footprint for the production of biomass feed material delivered to the charcoal plant from the two alternative sources of biomass considered in the study. The non-renewable greenhouse gas footprint of the Mallee eucalypt biomass in Table 2 (without any by-product credits) is 0.105 t CO2e/t charcoal or 37 kg CO2e/t dry biomass 4 . The non-renewable greenhouse gas footprint for the forestry residues, covering the same stages of biomass production in Table 1 , was estimated to be 40 kg CO2e/t dry biomass from a separate LCA model. However, this latter material requires additional stages of chipping, screening, washing and drying. Including these stages in the LCA model increased the greenhouse gas footprint of biomass from forestry residues to 81 kg CO2e/t dry biomass. But plantations are established and operated for the production of sawlogs and other main products, and hence harvesting must be carried out whether residues are extracted or not. Very little utilisation is normally made of these residues, so in most instances they are not considered to be valuable co-products. Without the need to allocate the energy and greenhouse gas impacts of plantation and harvesting to these residues, the greenhouse gas footprint drops to 49 kg CO2e/t dry biomass. This value is only slightly higher than that for Mallee eucalypt biomass, and reflects the additional processing required for this material. As noted earlier, the following assessment of the use of charcoal in steelmaking is based on charcoal produced from Mallee eucalypts.
Opportunities for Charcoal Use in Steelmaking

Integrated Route
The integrated steelmaking route begins with iron ore 1. Renewable greenhouse gas emissions from charcoal production are 1.56 t CO2e/t charcoal, but these are offset by an equivalent amount sequestered in the biomass -hence net emissions are zero. mining. After crushing and screening, the iron ore fines are either sintered or pelletised and then fed into the blast furnace along with lump iron ore. Coke, produced from coal in coke ovens, is used as a fuel and reductant in the blast furnace together with fluxes to produce hot metal and slag. Pulverised coal injection (PCI) into the tuyeres is also used as a supplementary fuel in the blast furnace. The hot metal is transferred to the basic oxygen furnace (BOF) along with steel scrap, where oxygen is used to refine the hot metal into steel by reducing the carbon content and other impurities. The liquid steel is further refined in the ladle metallurgy furnace (or ladle refining station), including recarburisation, and is then poured into a casting machine.
The main opportunities for the use of biomass in the integrated route for steelmaking 28) are shown in Fig. 4 (for the sintering case) and are as follows:
• partial or full replacement of solid fuel (coke or anthracite) in sintering or pelletising 5 ; • partial replacement of coke as a reductant and fuel in the blast furnace; • full replacement of pulverised coal injected as a fuel in the blast furnace; • partial or full replacement of nut coke that is mixed within the ferrous burden layers; • carbon/ore composite pellets 29) pre-reduced as blast furnace feed -although the extent of this application is currently uncertain; 28) • full replacement of coal-based char used for recarburising the liquid steel. It has been suggested that it is likely to be impossible to operate large blast furnaces with 100% substitution of charcoal for lump coke due to the much lower crushing strength of charcoal compared to coke, with substitution rates up to 20% being considered practical. 15) While supporting this view for large blast furnaces, Gupta 6) claims that this mechanical property of charcoal becomes redundant when charcoal is used as lump in small blast furnaces or as powder for tuyere injection in bigger blast furnaces. As the focus here was on medium to large blast furnaces, the use of charcoal to replace only between 2-10% of coke in the blast furnace was considered in this study. 28) Typical carbon material addition rates are shown in Table 3 along with the charcoal substitution rates used in the study. For the integrated route, the sum of the carbon substituted with charcoal in the applications shown in Table 3 range from 38% (minimum) to 55% (maximum) based on the typical addition rates shown. The mean substitution rate (47%) corresponds to about 287 kg charcoal/t steel.
EAF Mini-mill Route
The mini-mill steelmaking route produces steel by melting steel scrap, or some form of scrap substitute, in an electric arc furnace (EAF) followed by similar steel refining steps to the integrated route. Where steel scrap is in short supply, scrap substitutes such as hot metal or direct reduced iron (DRI) are often used. Carbonaceous material is added to the EAF as charge carbon, the primary purpose of which is to provide a reducing atmosphere during melting which minimises the oxidation of alloys and metallics, and as injectant carbon, also known as slag foaming carbon, where the technique of foaming slag in the EAF is used to increase productivity, lower operating costs and increase the quality of the steel produced. The issue of charcoal crushing strength is less of a concern in EAFs due to short furnaces and absence of any impinging hot blast.
6) The main opportunities for the use of biomass in the EAF mini-mill route for steelmaking are also shown in Fig. 4 and are as follows:
• partial or full replacement of charge carbon in the EAF;
• partial or full replacement of slag foaming carbon;
• partial or full replacement of recarburiser carbon. Typical carbon addition rates for the EAF are also shown in Table 3 along with the charcoal substitution rates used in 5 Solid fuel may not be required to be added to the pelletising step with magnetite ore due to the exothermic smelting reactions in the blast furnace. 
Direct Smelting Route
In direct smelting processes, reduction takes place in a single reactor where ore and coal are both charged into the same melt or bath (hence the name "bath smelting"). The processes utilise post combustion of the process offgases, the heat released being transferred back to the bath to compensate for the endothermic smelting reactions. The HIsmelt process 11) produces molten iron from fine iron ores (and other iron-bearing fines) and non-coking coals. The iron oxides are rapidly reduced by the bath whilst carbon from the coal dissolves in the bath. The primary product from the HIsmelt process is hot metal (iron). This iron is tapped continuously through an open forehearth and is slag-free. It can be used as direct feed to steelmaking processes or cast into pig iron. The lower crushing strength of charcoal is not likely to be a significant issue in the direct bath smelting process for ironmaking, with charcoal substitution rates for coal as a reductant and fuel up to 100% being envisaged. Typical carbon addition rates for direct smelting are also shown in Table 3 along with the charcoal substitution rates used in the study.
Life Cycle Assessment of Steelmaking Processes
LCA models of each of the three steelmaking routes were set up, and "cradle-to-gate" LCAs of each of these routes were carried out using inventory data reported previously for the three routes. 9, 16) The functional unit in this case was one tonne of steel, and as for the charcoal LCA, any electricity consumed was assumed to be black coal-based at 35% efficiency. It should be noted that for the integrated route, coke production was assumed to be internalised within the steelworks, and the GWP contributions from the products of this process (coke and coke oven gas) were accounted for by converting the coke inventory inputs to coal equivalents (as coal is the external input to the steelworks, not coke). Other minor inputs into steelmaking such as ferroalloys, refractories and argon gas were not included as their contributions to the overall result are much less significant than the major inputs considered and in any case are similar for either coal or charcoal addition. The results of these LCAs are given in 32) 2.0 t CO 2 e/t steel. Likewise, the GWP value of 0.51 t CO 2 e/t steel given in Table 4 for the mini-mill/EAF route Table 3 . Typical carbon material addition rates in steelmaking and charcoal substitution rates used in study.
Application
Typical addition rate 1 Charcoal substitution rate (%) 1 Charcoal substitution rate used in study 2 28) and Sandberg et al. 33) respectively for this route. As well as the base case scenarios given in Table 4 , LCAs of each route were also carried out with charcoal (88.3% C, 31.1 MJ/kg, dry basis) substituted for coke, coal and carbon in the various applications outlined earlier for each route. For the integrated route, charcoal was assumed to replace coke (92% C, dry basis) and coal (75% C, dry basis) in the blast furnace on an equivalent fixed carbon basis and pulverised coal injectant (30 MJ/kg) on an equivalent energy basis. In the direct smelting route, charcoal was assumed to replace coal (81.3% C, dry basis) in the bath smelting reactor on an equivalent fixed carbon basis over a range of substitution rates up to 100%, while for the mini-mill/EAF route, charcoal was assumed to fully replace charge, injectant and recarburiser carbon (85% C) in the EAF on an equivalent fixed carbon basis. The other inventory data used for each steelmaking route were the same as for the no charcoal substitution case. Given the indicative nature of the study, this assumption was not considered to have a significant effect on the overall results. Transport of charcoal to the steel plant was not included in the LCAs as this is very site-specific, and furthermore was not expected to have any significant effect on the results 6 . The results of these LCAs are given in Table 5 in terms of the reduction in non-renewable GWP over the base case values in Table 4 , both with and without the charcoal by-product credits included.
Integrated route
Mathieson et al. 28) reported potential reductions in nonrenewable greenhouse gas emissions of 0.70-1.26 t CO2e/t steel for the integrated route and 0.029-0.057 t CO2e/t steel for the mini-mill/EAF route from charcoal substitution without by-product credits, which are very similar to the reductions given in Table 5 . Ng et al. 34, 35) estimated that the greenhouse gas emissions from the integrated steelmaking route could be reduced by 25% by the combined use of charcoal in cokemaking and pulverised fuel injection, which compares well with 21-32% (no by-product credits) in Table 5 .
The physical significance of the results in Tables 4 and 5 for the integrated route (sintering) in terms of greenhouse gas emissions is shown in Fig. 5 , where the various components contributing to the greenhouse gas footprint of the integrated route are shown, along with the reductions achieved from the use of charcoal in this process for the case without any by-product credits. The results shown in Fig. 5 mean that without any by-product credits, the non-renewable GWP for the integrated route (sintering) is reduced from 2.17 t CO2e/t steel to between 0.96 t CO2e/t steel and 1.48 t CO2e/t steel over the range of charcoal substitution rates given in Table 3 . Figure 6 shows the reduction in non-renewable GWP for the three steelmaking routes compared to the no charcoal substitution case, covering the minimum (dark shading) and maximum (light shading) ranges, both with and without the by-product credits included. It can be seen from Fig. 6 that Table 4 for integrated route. © 2012 ISIJ the direct smelting/BOF route offers the greatest potential for reducing non-renewable greenhouse gas emissions by the use of charcoal compared to the integrated and minimill/EAF routes. However, as pointed out earlier, the magnitude of any by-product credits from charcoal production is particularly dependent on, among others, the nature of the pyrolysis process and the biomass feed composition. More definitive values for charcoal by-product credits will only be forthcoming when further development work on charcoal production with by-product generation and utilisation has taken place and the results published.
Discussion
One of the critical issues likely to affect the uptake of charcoal in steelmaking is biomass availability. The biomass and charcoal retort yields given earlier correspond to an overall green (i.e. 45% moisture) biomass requirement of 5.2 t/t charcoal. Figure 7 shows the plantation area required for biomass production versus steel production rate by the integrated route (currently about 70% of the world steel production or about 990 Mt is produced by this route 10) ) for green biomass plantation yields of 10, 20 and 30 t/ha/y with 47% charcoal substitution, corresponding to the mean rate for the sum of the steelmaking applications outlined earlier.
At a plantation yield of 30 t/ha/y the required plantation area for 990 Mt/y of steel is about 50 Mha, while for a plantation yield of 10 t/ha/y it increases to about 148 Mha. Average yields of 15 t/ha/y have been reported for well-managed timber plantations where fertiliser is applied, 36, 37) while a base case value of 19.2 t/ha/y was used in the charcoal production LCA described earlier based on data reported by Wu et al. 24, 38) for Mallee eucalypts. There is about 3 900 Mha of forest area globally, with about 7% or 264 Mha as productive forest plantations, 39) so it would appear that there is adequate potential land area available globally to meet the above demand for biomass, despite increasing conflicts on land use for food production and renewable energy (bioenergy) supply. A study conducted under the ULCOS programme 40, 41) highlighted Brazil and Congo as possible candidates for industrial-scale eucalypt plantations to produce biomass to supply charcoal to the steel industry due to their likely land availability.
Apart from biomass derived from timber plantations, other sources of biomass that potentially could be used for charcoal production include: 42) • wood processing residues; • sawmill residues; • woodchips, pulp and paper residues;
• plywood and panel board residues;
• essential oil industry residues;
• forestry residues; • silviculture 7 thinnings; • wood residues from land clearing; • forest litter. Haque et al. 43) carried out a survey of available biomass residue resources from several regions of Australia with estimates of 3.4 Mt forestry residues, 2.3 Mt wood processing residues and 1.9 Mt non-forestry (e.g. from grain crops, sugarcane) residues. The greenhouse gas footprint of charcoal produced from these forestry residues was referred to earlier in the paper. Ng et al. 34) reported that forestry residues produced in Ontario and Quebec amount to about 11.1 Mt/y, which is sufficient to meet the carbon demand of the annual ironmaking capacity (7.8 Mt iron/y) in Canada. However, transportation is likely to be a significant issue affecting the cost of charcoal delivered to steel plants under all of charcoal from biomass screnarious discussed above.
Conclusions
The potential for reducing the greenhouse gas emissions by the use of biomass-derived charcoal in place of coal or coke in a number of steelmaking applications has been assessed using the results from "cradle-to-gate" life cycle assessments of charcoal production and steel production by a number of processing routes. The results indicated that the use of charcoal derived from biomass as a replacement for fossil fuel-based carbon in the integrated steelmaking route in likely applications and substitution rates has the potential to reduce the greenhouse gas footprint of steel by 0.69-1.21 t CO2e/t steel (or 31-57%) without any charcoal production byproduct (bio-oil and electricity) credits, and by 0.91-1.61 t CO2e/t steel (42-74%) with these by-product credits included. The corresponding reductions for the mini-mill/EAF and direct smelting routes were 0.028-0.056 t CO2e/t steel (5.5-11%) and 0.34-1.70 t CO2e/t steel (16-80%) without byproduct credits, and 0.037-0.075 t CO2e/t steel (7.3-14.7%) and 0.45-2.25 t CO2e/t steel (21-106%) with by-product credits respectively. However, the magnitude of the byproduct credits depends on the by-product yields in the charcoal retort, which in turn are dependent on a number of factors, in particular, the nature of the pyrolysis process (fast or slow) and the biomass feed composition. Slow pyrolysis, which is the basis of the new pyrolysis process being developed by CSIRO, tends to maximise the charcoal yield, with less gas (i.e. electricity) and bio-oil by-products produced, thus by-product credits are less with slow pyrolysis.
Estimates of the potential plantation areas available to grow the biomass required to produce charcoal for steelmaking purposes suggest that it is possible that an appreciable amount of the world's steel production can utilise charcoal in place of coal or coke over the coming decades. In addition to plantation timber-derived biomass, other sources of biomass residues could also make appreciable contributions to the sustainable production of charcoal. However, transportation is expected to be a significant issue affecting the cost of charcoal delivered to steel plants in all biomass source scenarios. Other issues such as technical aspects of charcoal use in steelmaking and economics will also play a significant role in the uptake of charcoal from biomass as a source of renewable carbon for iron and steelmaking.
